We show that, for a TM (or p-state) Gaussian beam incident onto an absorbing medium at and around Brewster's dip, the reflected beam always remains Gaussian and undergoes a Goos-Hänchen-like (GH) shift, an angular shift, a focal shift, and a beam-waist modification, provided that the beam is sufficiently collimated that the third-order change of the (logarithmic) reflection coefficient can be ignored in the angular range of beam divergence. For weak absorption, not only are a large negative GH shift and an odd-functioned-like focal shift with greater magnitude found but also the angular shift, though small by itself, is shown to give an even larger lateral net shift at a distance beyond the Rayleigh range.
INTRODUCTION
In an earlier paper, 1 two of us have shown analytically how and explained why a large and negative GoosHänchen-like (GH) shift 2, 3 (denoted S in what follows) can occur at and around Brewster's dip on reflection of a TM (i.e., p-state) laser beam from a semi-infinite weakly absorbing medium according to Artmann's formula 4 :
where is the phase of the complex reflection coefficient in polar form, i.e., r = exp͑i͒, k is the wavenumber ͑k =2 / ͒ in the medium of incidence, and is the angle of incidence. In particular, the following simple result for small ⑀ i / ⑀ r is obtained for the shift at the angle of Brewster's dip:
where ⑀ r + i⑀ i is the (complex) dielectric constant of the reflecting medium and a unity dielectric constant of the medium of incidence has been assumed. Note that, although Goos and Hänchen discovered the effect on total internal reflection, we have nevertheless called S, defined in Eq.
(1), the GH shift even for (partial) reflection from an absorbing medium. The result, although attracting some attention, [5] [6] [7] [8] needs substantiation and generalization, especially in view of the question of an undistorted beam because of a small and angle-dependent reflection coefficient at and around Brewster's dip. The present paper is intended exactly to address this and other related questions. First, we show in Section 2 that, given an incident Gaussian beam, the reflection beam intensity profile from any absorbing medium is again Gaussian and generally accompanied with a GH shift, an angular shift, 9,10 a focal shift, 11, 12 and a beam-waist modification. 13 The retention of the beam shape is true even at and around Brewster's dip, provided that the incident beam is sufficiently collimated to satisfy certain conditions that require nonzero reflection and relate to the dielectric constant of the reflecting medium. It is in no way contradictory to the results of Antar and Boerner 10 and of Chan and Tamir, 14 who have shown that the beam reflected from a lossless dielectric is two humped at and around Brewster's angle. It should be pointed out that Greffet and Baylard 15 had obtained a large and negative GH shift on reflection near Brewster's angle from an absorbing medium. But they purposely excluded an angular range about Brewster's dip because they thought the reflected beam would be too distorted to have relevant discussion on the beam shift. In fact, as we shall see, the shift there is the largest.
Second, in Section 3, we evaluate the GH shift numerically as a function of angle for a reflecting medium of a number of values of the dielectric constant, not necessarily limited to small ⑀ i / ⑀ r . The appearance of a negative maximum is always there. For all these examples, the validity conditions are numerically shown very well satisfied if the beam width of the incident wave beam is greater than a tenth of a millimeter. In addition, the simple formula in Eq. (2), when compared with the computed maximum shifts in all the cases, is shown to be a good formula for quite a range of the dielectric constant.
Finally, because there are the angular shift (due to the first angular derivative of ), the focal shift (due to the second angular derivative of phase ), and the beamwaist modification (due to the second-order effect in the angular derivatives of ) in addition to the GH shift, we want to see how the actual reflection beam spot is affected. This is done in Section 4 where we numerically show that, although the waist modification can be ignored, the focal shift can be very large on the two sides of Brewster's dip and, in addition, the angular shift, though small by itself, can affect tremendously the net lateral shift of the beam spot if measured at a distance from the interface.
Our consideration is restricted to a two-dimensional wave beam interacting with a nonmagnetic medium with-out spatial dispersion. Furthermore, the cgs Gaussian unit system is used throughout the paper.
REFLECTION BEAM FIELD FROM AN ABSORBING MEDIUM
Consider two semi-infinite homogeneous media separated by an interface that will be defined as the xy plane. Let there be an incident electromagnetic wave of the form exp͑ik · r − it͒ in the lower ͑z Ͻ 0͒ medium with the wave vector k lying in the xz plane and making an angle with the z axis. Although we will eventually concentrate on the interesting TM state of wave polarization, we start by assuming that the beam is in either one of the two states, the other being the TE state (i.e., the s state); this allows comparison, and, moreover, it involves no extra effort. Now at the frequency , the medium of incidence is assumed transparent with a real positive dielectric constant ⑀ 1 while the second is an absorbing medium with a complex dielectric constant ⑀ 2 ϵ ⑀ r + i⑀ i , where ⑀ i Ͼ 0. For later convenience, we define the reduced dielectric constant
As is well known, there are also a reflected wave and a transmitted wave, both of the same exponential form as the incident wave, and the reflection coefficient, i.e., the ratio of the reflected field to the incident field, is given by
where k z ͑k z ͑t͒ ͒ is the z component of the wave vector of the incident (transmitted) wave satisfying the dispersion re-
with k x as the x component of the wave vectors and as an index for the state of wave polarization, having the value = 1 or = ⑀ ͑4͒ for the TE state or the TM state, respectively. Note that, for the former case where the electric field is parallel to the y axis, the coefficient r is the ratio of the electric fields while, for the latter case where the magnetic field is parallel to the y axis, it refers to the ratio of the magnetic fields (see also Refs. 16 and 17) . Note also that the reflection, while vanishing at Brewster's angle for a TM wave in the absence of absorption, is never exactly zero (i.e., the absolute value of r is positive always) if there is absorption, albeit weak, in the reflecting medium. We now consider a single-frequency wave beam incident from below upon the interface with the line of maximum intensity (hereafter referred to as the beam axis) lying in the xz plane and passing through the origin O as shown in Fig. 1 . The beam is two dimensional so that every field quantity is independent of y, and it is in either the TE or the TM state. To facilitate the calculation, we introduce as before 16, 17 the incident XЈYZЈ coordinate system and the reflection XЉYZЉ coordinate system in addition to the original XYZ coordinate system, all with the same y axis (directed into the plane of the figure) and the same origin O. The zЈ axis, which makes an angle 0 with the z axis, coincides with the incident beam axis while the zЉ axis makes an angle of ͑ − 0 ͒ with the z axis. Note that the xЉ axis is so chosen that a plane wave of positive k x Ј gives the reflected wave again with a positive k x Љ; the XЉYZЉ coordinate system is thus left handed.
Omitting the time factor exp͑−it͒, the incident beam field (electric for the TE case and magnetic for the TM case), being a linear superposition of plane sinusoidal waves, can in general be written as
͑5͒
in the incident coordinate system, where ŷ is the unit vector along the y axis and k z Ј= ͱ k
Since we already know how each incident sinusoidal wave is accompanied by a reflected sinusoidal wave, the reflected beam field is obviously given by
in the reflection coordinate system, where r, given by Eq.
(3), is a function of k x Ј through the following transformations:
͑7͒
with k z Ј being a function of k x Ј. Note that, in Eq. (6), we have used the fact that a sinusoidal wave of wave-vector components ͑k x Ј,k z Ј͒ is reflected into a sinusoidal wave with exactly the same values of ͑k x Љ,k z Љ͒.
A. Incident Gaussian Beam Field
We consider a good collimated incident beam of a Gaussian field distribution. By this we mean Fig. 1 . Original XYZ coordinate system, the incident XЈYZЈ coordinate system, and the reflection (left-handed) XЉYZЉ coordinate system, all with the same y axis directed into the plane of the figure and the same origin O. Note that the xy plane separates the two media of real ⑀ 1 and complex ⑀ 2 = ⑀ r + i⑀ i .
in Eq. (5), where
is assumed. (For a Gaussian laser beam of a tenth of a millimeter width, k is as large as 10 3 .) Obviously, G͑k x Ј͒ is peaked around k x Ј=0 with a width ⌬k x ЈӍ1/ much smaller than the integration limit k, implying a small angle of beam divergence. As a result, we can take k x Ј as a small parameter and expand k z Ј in Eq. (5) to second order in k x Ј so that the exponential function in the integrand is quadratic in the integration variable. The integration limits can be set to infinity under condition (9), and so the integral can be readily carried out and arranged to take the form
in the incident coordinate system, where
is the root-mean-square width (or simply the beam width) at zЈ, with
being the Rayleigh range, 18 and
is the additional phase factor. The field in Eq. (10) has already appeared in the literature. 19 It is the (two-dimensional) Gaussian beam field propagating along the zЈ axis and having a minimum root-mean-square width of the field (magnitude) distribution at zЈ = 0, which may be referred to as the focus. It is usually obtained by solving the Helmholtz equation under the good-beam (or paraxial) approximation and the choice of a transverse Gaussian variation in the physical space. [20] [21] [22] Here we get the same result by simply evaluating the Fourier integral (i.e., the linear superposition of sinusoidal plane waves of different propagation directions) under the same approximation and the same choice of Gaussian variation now in the wave-vector space; this avoids solving the second-order partial differential equation. Note that if G͑k x Ј͒ in Eq. (8) is multiplied by an additional factor of exp͑−ik z Јz 0 ͒, the minimum width (or focus) will appear at zЈ = z 0 instead of zЈ =0.
B. Reflected Beam Field
With G͑k x Ј͒ given by Eq. (8), the reflected field in Eq. (6) can be found in a similar way. Here, in addition, we have to expand the reflection coefficient in Eq. (3) to second order in k x Ј. We choose to expand ln and according to
where 0 , 0 , and the derivatives
are all evaluated at k x Ј=0. Because dk x Ј=kd, all the derivatives are essentially angular derivatives evaluated at 0 . The above is really a Taylor expansion of ln r, and we have really assumed that the error term
is much smaller than unity. This leads to
for the real part and
for the imaginary part. They are the important conditions always assumed true in this paper. We thus see that must be nonzero. Note that the left-hand quantities are determined by the reduced dielectric constant ⑀ of the reflecting medium while the right-hand side is determined only by the collimation of the beam. Therefore, even for large quantities on the left-hand side, e.g., in the case of reflection of a TM wave from a weakly absorbing medium at and around Brewster's dip, the conditions can still be well satisfied for a sufficiently broad beam. Under these two conditions, the exponential function in the integral for the reflection field is again quadratic in k x Ј, and the integration result can be arranged to give
for z ഛ 0 in the reflection coordinate system, where
are the shifted coordinate variables,
may be called the modified beam widths at zЉ = 0 and at zЉ, respectively,
is the modified Rayleigh range, and
is the additional modified phase factor. It is easy to see that the light energy density, being given by the absolute square of the field in Eq. (18), has a Gaussian distribution and is maximum along the straight line
in the reflection coordinate system, with ␣ / z R being the slope. Yet it is important to examine the direction of the energy flow. To do this, we note that the (time-averaged) Poynting vector S in our two-dimensional case, as shown in Ref. 17 , is given by the real part of ͕iF ϫ ٌ͑ ϫ F * ͖͒. Taking F = Fỹ and noting that F is independent of y, we have S ϰ Im͕F * ٌ F͖, where Im means the imaginary part of. So it is the gradient of the phase of the beam field that determines the direction of the energy flux. (This should not be a surprise because the equiphase surface is just the wavefront.) It is now not difficult to see that the two components of the Poynting vector for the reflection beam are
leading obviously to
on the line given by Eqs. (23) if only terms are kept up to the second order in 1 / k. We see immediately the equality of the two slopes, and therefore we can treat the straight line given by Eqs. (23) as the reflected beam axis, i.e., the line of maximum intensity. Consequently, we can say that the reflected beam undergoes (i) a lateral shift (or a GH shift) given by
a formula first due to Artmann 4 ; (ii) an angular shift of amount
first reported by Ra et al. 9 when they considered reflection from an optically rare dielectric at subcritical angles; (iii) a focal shift of amount
because of minimum beam waist at zЉ = 0, which was first pointed out by McGuirk and Carniglia 11 and Carniglia and Brownstein 12 in their studies of total internal reflection; and (iv) a beam-waist modification according to Eqs. (20) as first noted by Tamir. 13 Note that all these effects occur at any angle of reflection from an absorbing medium, provided that the conditions in expressions (16) and (17) are met. Note also that the GH shift and the focal shift are independent of the beam width, whereas the angular shift and the beam-waist modification are 1 / 2 dependent. The beam-waist modification is always negligible, and we can always treat and as equal. On the other hand, the angular shift, though also of second order in smallness, may have noticeable effect on the net lateral shift if measured at a large distance from the interface. Nonetheless, the smallness of the angular shift essentially keeps the beam width unchanged even considered relative to the new beam axis. In Fig. 2 , we show schematically how the reflected beam emerges from the interface between the two media. The incident beam and the reflected beam are indicated by their respective axes of maximum intensity, together with the GH shift S, the focal shift ⌬f, and the angular shift ⌬ (size exaggerated). The point F, where the beam width is the smallest, may be called the focus. If F is inside the reflecting medium, the reflected beam appears to diverge from there. On the other hand, as will be shortly shown in Section 3, S can be negative, and, as a result, F can be well within the first medium. Note that we have ignored the interference between the incident field and the reflected field. In other words, the beam axis in the figure is meaningful only outside the interference region, the size of which, about a couple of 's, is generally large compared with the GH shift and the focal shift.
Expressions for the shifts in terms of angle, which are useful for numerical calculation, can be obtained by realizing that k͑␣ + i 1 ͒ =d ln r /d and k 2 2 =Im͕d 2 ln r /d 2 ͖, where r is given by the second expression in Eq. (3). By explicitly carrying out the derivatives of ln r with respect to angle, we have 
͑30͒
where = 1 for the TE case or = ⑀ for the TM case. The angular shift ⌬, the GH shift S, or the focal shift ⌬f can therefore be obtained by taking either the real part or the imaginary part of the appropriate right-hand side of the two equations. Note that the expressions for the TE case can be much simplified.
LARGE NEGATIVE GOOS-HÄNCHEN SHIFT AT AND AROUND BREWSTER'S DIP
Henceforth we shall restrict our study to beams in the TM state of wave polarization. In such cases, it has already been shown analytically in Ref. 1 under the assumption of weak absorption that a large and negative GH shift occurs at and around Brewster's dip according to Artmann's formula in Eq. (1); yet we now see from our analysis in the last section that it is a well defined effect only under conditions (16) and (17) . Furthermore, while the simple formula in Eq. (2) was obtained for the shift at the dip for incidence in vacuum or air, it is not difficult to see that, in our present case with a real and nonunity dielectric constant of the medium of incidence, the formula still applies if ⑀ r + i⑀ i is replaced by the reduced ⑀ r + i⑀ i and it applies even when ⑀ r Ͻ 1.
In what follows, we shall extend our consideration in the following ways. First, we do not restrict our consideration to weak absorption of the reflecting medium; this can be done by numerical computations with a variety of ⑀ values. Second, we want to see if the conditions in expressions (16) and (17) are satisfied in all such cases. Third, we want to check how good the approximate formula (2) is.
A. Goos-Hänchen-Like Shift versus Angle for a Variety of ⑀ Values
For any ⑀, the GH shift as a function of angle for the TM case can be obtained numerically from Eq. (29) by simply taking the imaginary part of the right-hand side and by setting = ⑀ r + i⑀ i . As an example, we choose one value of ⑀ r , 1.8, but three different values of ⑀ i , 0.36, 0.18, and 0.09, and plot in Fig. 3 curve 1 , curve 2, and curve 3 of the GH shift S / versus the incident angle, respectively. For reference, Brewster's angle b (defined by tan −1 ͱ ⑀ r ) is about 0.931 (in radians) Ӎ53.3°. The large negative maximum value around Brewster's angle is noted, and its tendency to infinity in the limit of zero absorption (i.e., ⑀ i =0) is apparent. For curve 2, the GH shift is already as large as −6.5 wavelengths. The very small and positive shift for ⑀ i = 0.18 for the TE case, given by curve a, which is already tenfold magnified in the figure, has also been shown for comparison. Shifts for the other two ⑀ i 's in the TE case, which have values of the same order of magnitude ͑ϳ10 −2 ͒, are not shown. Note that the (real) refractive index in the example is Ӎ1.33, which may resemble a reflecting medium in the form of a solution of various degrees of absorption.
As another example, we plot in Fig. 4 the three GH shifts for ⑀ r = 0.44 and ⑀ i = 0.088 (curve 4), 0.044 (curve 5), and 0.022 (curve 6), where now b Ӎ 0.586 (in radians) Ӎ33.6°and the critical angle, through the definition of sin −1 ͱ ⑀ r , is c Ӎ 0.725 (in radians) Ӎ41.6°. Besides the expected large negative maximum GH shift around b , which is larger the weaker the absorption, we also see a positive maximum shift slightly above c , which is just the usual GH shift for total internal reflection, now modified because of absorption. We note that the GH shift across the critical angle is always finite in the presence of absorption. Again, the maximum shift around Brewster's angle for ⑀ i = 0.044 is already as large as −7. This example resembles a beam in glass of (real) refractive index Ӎ1.5 internally reflecting from a vapor of various degrees of absorption. The estimated maximum shift in the foregoing two examples is about 1 order of magnitude larger than the wavelength; they should be easily measurable, provided that the weak reflected beam can be detected.
As a final example, we plot in Fig. 5 the GH shifts for reflection from germanium at two different (vacuum) wavelengths and thus two different indices of refraction. For the eight sets of data (i.e., eight ⑀'s) just considered, with ⑀ i / ⑀ r ranging from a value as small as 0.05 to a value as large as 0.814, all have maximum negative GH shift near Brewster's dip. This is certainly due to the abrupt change of the phase in the reflection coefficient across Brewster's dip as demonstrated in Ref. 1 .
B. Validity of Conditions (16) and (17)
We numerically compute the left-hand quantity of condition (16) , to be denoted ⌫ for convenience, as a function of angle for each of the eight ⑀'s in Subsection 3.A and plot them in Fig. 6 as curve 1 to curve 8, corresponding exactly to those in the previous three figures. The curves are expectedly in three groups, each becoming prominent near its respective Brewster's dip. In addition, we see that all curves are of an odd-functioned shape and attain their peak values in a narrow domain around their Brewster's dips, and the maximum value is larger the smaller the value of ⑀ i / ⑀ r . (Note that curves 7 and 8 are already tenfold magnified in the figure. ) This is expected because the reflection minimum is smaller with larger derivatives there for weaker absorption. Nevertheless, although ⌫ can be as large as 1.6ϫ 10 5 , the condition is still well satisfied if the Gaussian laser beam is one tenth of a millimeter broad so that ͑k͒ 3 Ӎ 10 9 . On the other hand, it is clear that, for a reflecting medium with further weaker absorption, a narrower laser beam may invalidate the condition and thus ruin the conclusion near Brewster's dip. Similar computations for the left-hand quantity of condition (17) have also been carried out. The results are of the same order of magnitude as their corresponding ⌫'s and are therefore not shown here.
C. How Good Is the Simple Formula (2)?
Here we compute the maximum shift, called S m , in each of the eight cases in Subsection 3.A and compare it with the corresponding value of S b according to the analytic formula in Eq. (2) (with ⑀ replaced by ⑀). To see how they match each other, we introduce the following modified values for the two S's, Fig. 7 (shown as the negative inverse-linear curve in the figure) , and insert the eight ⌺ m 's (denoted by crosses) for the eight cases. Also, shown as small triangles in the figure, with respect to the righthand ordinate, are the corresponding fractional deviations of the analytic value from the computed value (in percentage) for the eight cases. The agreement is very good. The fractional deviation is only about 28.5% for ⑀ i / ⑀ r as large as 0.814.
OTHER NONSPECULAR EFFECTS AT AND AROUND BREWSTER'S DIP A. Large Focal Shift Near Brewster's Dip
We have seen that the GH shift, given by the first derivative of the phase, could be quite large compared with a wavelength near Brewster's dip. What about the second derivative of the phase, which gives rise to the focal shift? Obviously, the second derivative versus angle is antisymmetric with respect to the angle of Brewster's dip and has a positive maximum on the left and a negative maximum on the right. A simple estimate of the height and the width of the GH shift profile from Figs. 3-5 easily shows that the maximum could be large in units of 2 . Let us take curve 8 in Fig. 5 as an example; here the height is 5.7, and the full width at half-maximum (FWHM) is about 5.5ϫ 10 −2 . So we have 2 / 2 Ӎ 17.3, and thus the focal shift ⌬f according to Eq. (28) is as large as 104! The more accurate numerical results can be obtained from Eq. (30), and they are presented in Fig. 8 where curve 7f and curve 8f are the focal shifts in units of wavelength versus angle for the two corresponding data values in Fig. 5 and the GH shifts are reproduced for reference as curve 7g and curve 8g, already tenfold magnified in the figure. We note the (roughly) odd symmetry about Brewster's dip and the two opposite side peaks as expected. The peak values are as large as ±130! In particular, we note the positive peak on the left-hand side at an angle where the GH shift is still substantially negative. This means that the focus F is positioned at about the point ͑−5.7 , 130͒ in the reflection (i.e., XЉZЉ-) coordinate system. The focus is well within the region of the medium of incidence. (See Fig. 2 where now S is negative and ⌬f is positive.)
Incidentally, the focal shift can be used to estimate the left-hand quantity in expression (17) . For example, the largest slope of curve 8f gives the quantity a value of about 10 4 , which is of the same order of magnitude as the largest ⌫ for curve 8 in Fig. 6 .
B. Net Lateral Shift of the Beam Spot
Since the straight line given by Eq. (23) is the line of the reflection beam axis, we may call the quantity on the right-hand side of the equation the net lateral shift of the beam spot from the zЉ axis, which is the reflection beam path as would be expected from the viewpoint of geometrical optics. This quantity includes the GH shift (the first term) and the xЉ displacement caused by the angular shift. The last term ␣k 2 / z R , which is due to the combination of the (longitudinal) focal shift and the angular shift, is usually very small compared with other terms and is thus ignored. Hence, the net lateral shift of the beam spot is effectively given by
Obviously, the angular shift, though itself very small, can have an effect for large zЉ. Since the magnitude of the reflection coefficient ͑ Ͼ 0͒ is minimum at Brewster's dip, the angular shift (or ␣) is of an odd-functioned shape there, having a negative maximum below the dip and a positive maximum above. As a result, the angular shift will make the net shift even more negative than that already due to the GH effect for angles below the dip. On the other hand, it will make the net shift less negative or even positive for angles above. Taking k =10 3 and ⑀ 2 / ⑀ 1 = 1.8+ 0.18i (the second case in Fig. 3 ) as an example, we compute the angular shift and the GH shift from the real part and the imaginary part of Eq. (29), respectively, and substitute them into Eq. (32) to obtain the net shift S N for a variety of distances in units of the Rayleigh range. The results are shown in Fig. 9 , where curves 1-4 give S N versus for zЉ / z R = 0.1, 1, 5, and 10, respectively. For a wavelength of 0.5 m, we have a beam width of about 0.1 mm, which means a Rayleigh range of about 10 cm. Note that curve 1 essentially gives the GH shift and that curve 4 has a negative net shift as large as 35 at an angle slightly below Brewster's dip and a positive net shift as large as 32 at an angle slightly above!
CONCLUSION AND DISCUSSION
We have studied analytically how a two-dimensional Gaussian wave beam reflects from an absorbing medium. For the wave beam in either one of the two planepolarized states, the reflection beam is shown to be again Gaussian yet accompanied generally with a GH lateral shift, an angular shift, a focal shift, and a beam-waist modification. In particular, for a beam in the TM state of wave polarization and a medium of low absorption, we have shown that the GH shift at and around Brewster's dip is negative and can be an order of magnitude larger than the wavelength and, furthermore, that the inclusion of the angular shift leads to an even larger net lateral shift of the beam spot if detected at a distance beyond the Rayleigh range. In addition, the focal shift is also very large in such a case. While the effects are substantial, two points of importance are to be noted. First, conditions (16) and (17) must be satisfied, the failure of which will invalidate the derivation in Section 2. Second, the reflection is small near Brewster's angle; this may cause difficulty in the experimental detection. Readers are referred to the formula and the table in Ref. 1 for the small value of the reflectance.
The retention of the Gaussian shape in the reflection beam even at and around Brewster's dip is important in our theory. Although a rigorous treatment was given in Section 2, it may worthwhile giving here a simple qualitative explanation that is in fact a modification of Artmann's example of using two sinusoidal waves to elucidate the existence of the GH shift. 4 Consider three incident waves propagating along slightly different directions given by exp͓i͑k − q͒ · r͔, exp͑ik · r͒, and exp͓i͑k + q͒ · r͔ (the common time factor omitted), where k is exactly along the direction of Brewster's dip and k + q is along a slightly larger angle of incidence, with k · q Ӎ 0. We know from the simple analysis in Ref. 1 that, across Brewster's dip, the real part of the reflection coefficient ( r r , say) passes zero and changes sign, whereas the imaginary part (r i , say) remains roughly constant. The sum of the three after reflection is therefore ͓͑r r + ir i ͒exp͑−iq r · r͒ + ir i + ͑−r r + ir i ͒exp͑iq r · r͔͒, where q r is the small wavevector difference corresponding to q on reflection and the common spatial factor has been omitted. It is now clear that, for a lossless reflecting medium with r i = 0, the sum gives a sine function and thus a two-humped intensity. Yet for an absorbing reflecting medium with r i 0 so that the r r terms can be ignored for sufficient collimation of the three waves, the sum contains a cosine function, leading to a centrally solid intensity. Note that, in the real beam case, there are many more waves of nearby wave vectors that add up to eliminate the side humps. Here we have used the three waves to show the disappearance of the two-humped shape in the central part of the beam on reflection from an absorbing medium.
We have hitherto paid attention to an absorbing semiinfinite medium from which the reflection is studied. Yet it is clear that the method presented in Section 2 can be applied to analyze the reflection beam from any planar structure (e.g., a single-layered or a multilayered structure) with or without absorption because the reflection coefficient in either case is always of the general form r = exp͑i͒. In other words, for a good collimated incident Gaussian beam in either the TE state or the TM state of wave polarization, the reflection beam, if nonzero, is again Gaussian and accompanied generally with a GH shift, an angular shift, a focal shift, and a beam-waist modification, subject again to condition (16) and (17) . Moreover, similar conclusions can be obtained for the transmission beam from the single-layered or multilayered structure because the transmission coefficient can be of the form of r in Eq. (14) and the transmitted field is expressible by an integral similar to Eq. (6). We hope we can come back to examine the existence of similar or different remarkable effects with such structures.
